To accommodate the explosively growing demands for mobile traffic service, wireless network virtualization is proposed as the main evolution towards 5G. In this work, a novel contract theoretic incentive mechanism is proposed to study how to manage the resources and provide services to the users in the wireless virtualized networks. We consider that the infrastructure providers (InPs) own the physical networks and the mobile virtual network operator (MVNO) has the service information of the users and needs to lease the physical radio resources for providing services. In particular, we utilize the contract theoretic approach to model the resource trading process between the MVNO and multiple InPs. Two scenarios are considered according to whether the information (such as the radio resource they can provide) of the InPs are globally known. Subsequently, the corresponding optimal contracts regarding the user association and transmit power allocation are derived to maximize the payoff of the MVNOs while maintaining the requirements of the InPs in the trading process. To evaluate the proposed scheme, extensive simulation studies are conducted. It can be observed that the proposed contract theoretic approach can effectively stimulate InPs' participation, improve the payoff of the MVNO, and outperform other schemes.
INTRODUCTION

Background and Motivation
T HE aim of 5G is to provide ubiquitous connectivity for any type of device and application that may benefit from being connected. To realize the vision of essentially unlimited access to information and sharing of data anywhere and anytime for anyone and anything, recent emerging mobile platforms, such as Software Defined Network (SDN) [1] and Network Function Virtualization (NFV) [2] , bring us novel views on the current cellular wireless networks, which urges us to rethink current network infrastructure. The recent advances also open the way to expand SDN/NFV concepts to Radio Access Networks (RANs), creating the Wireless Virtualized Networks (WVNs) framework in which the execution of RAN functions is moved from dedicated telecom hardware to commoditized IT platforms owned by multiple Infrastructure Providers (InPs). In the context of WVN, infrastructure and radio resources can be abstracted, sliced and shared, and a mobile network operator can rent the radio resources in a virtualized manner [3] . Consequently, the overall expenses of wireless network deployment and operation can be significantly reduced [3] .
The emerging cloud computing and virtualization technologies shed light on implementing the SDN/WVN platform. In the WVN, network infrastructures and functionalities are decoupled to maximize their utilization, where the differentiated services can coexist on the same infrastructure. In addition, because the network is expected to be highly heterogeneous and extremely dense, it is natural to consider whether the network infrastructure can be virtualized and provided to whomever wants it and whenever it is acquired. By such, operating the networks is no longer hardware-limited, or even software-limited, as the hardware and software are owned by different and dedicated network InPs. Correspondingly, the traditional two-layer network (network operator/service provider, and users) becomes a multiple-layer vertical architecture, as shown in Fig. 1 , where at least three parties are involved. In this architecture, network service provider (NSP) that focuses on providing services to users, the mobile virtual network operator (MVNO) who virtualizes and manages the resources, and the InP that offers the radio resources, are co-existed.
Although the WVN may lower the standard to become a network operator and bring the user many more choices when choosing services, opportunities come with challenges. Apparently, there is a need to explore the interactions and relations among all the involved parties to properly schedule the limited resources with the services.
Indeed, it is necessary to introduce an efficient resource virtualization and allocation scheme in the WVN. Moreover, as the InPs cannot directly negotiate with users, it is also very importance to design suitable incentive mechanisms that can encourage the InPs to provide the radio resources. As the InPs are heterogeneous with different preferences for providing services, in terms of operation cost, energy consumption, available spectrum, etc, it is of significance to design a mechanism in which InPs will be stimulated in accordance with their preferences and willingness. Moreover, there is an information asymmetry between the InPs and the MVNO, e.g., the InPs are aware of their own types or preferences while the MVNO may not have that information, which is quite a practical case in the real network. Thus, it is also essential to take into account information asymmetry when modeling the interaction between the InPs and the MVNO.
To this end, we utilize the contract theoretic approach to model the interaction between the InPs and the MVNO, and provide an efficient resource allocation scheme to serve the users. Contract theory is a powerful framework from microeconomics, which provides a useful set of tools for designing incentive mechanisms. Essentially, a contract is a certain type of reward to the employee from the employer in return for its services. Using contract theoretic approaches, one can analyze the interactions between the employer that can offer proper contracts to the employees whose skills may not be known. In the WVN context, this contractual situation can be used to study the interactions between the MVNO (employer) and the InPs (employees) whose certain information may not be unknown to the MVNO. The contract represents performance-reward bundle rewards provided by the MVNO to the specific InPs that provide the required resources and quality-of-service. The main advantages of adopting contract theory in such a scenario include 1) the ability to incorporate resource control and service provisioning in the WVN, 2) notions such as self-revealing contracts suitable to handle information asymmetry between the MVNO and the InPs, 3) the ability to obtain optimal reward and incentive mechanisms that can induce coordination between the InPs.
Contribution
The aim of this paper is to design a resource allocation mechanism to maximize the utility of the MVNO and meanwhile enhance the satisfaction of the InPs. In the considered system, the MVNO needs to rent the physical network (radio resources) from the InP and operate the network in a virtualized way to provide services to multiple user equipments (UEs). To the best of our knowledge, this work is an early attempt to investigate the relations between the MVNO and InPs, and corresponding resource allocation problems from contract theory and network economic perspectives. Compared to other recent work, our contributions can be summarized as follows:
Considering an WVN with multiple InPs and an MVNO, we propose to utilize contract theory to model the interactions between the InPs and the MVNO, to provide qualified services to the UEs. With the objective to maximize the payoff of the MVNO, which is related to the service quality and utilized resources, we propose an incentive mechanism to motivate InPs to offer their radio resources to provide services. Meanwhile, the objective of each InP is to maximize its payoff from making the contract with the MVNO and serving the UEs. Two information scenarios are considered. We first consider the complete information scenario as a benchmark where the information of the InPs is fully known to the MVNO when designing the contract. Then we consider the contract design in an asymmetric (incomplete) information scenario where the MVNO knows only limited information of the InPs. The formulated optimization problem can be considered an user association and power allocation problem in the wireless virtualized network, to optimize the user and InP association and the transmit power in the downlink. After providing its condition of feasibility and optimality, the formulated problem can be addressed to obtain close-to-optimal solutions. Numerical results validate the effectiveness of the proposed scheme in the contract design, resource allocation algorithm. It shows that the contract theoretic approach is very attractive for the design of wireless network virtualization for modeling the relations between the MVNO and InP.
Related Works
Recently, there has been growing research interests in enabling network virtualization in wireless networks [4] . In particular, there are considerable efforts dedicated to the resource allocation problems in the WVN. To minimize the operation cost of running the physical network of an InP, in [5] , the authors propose a new formulation for the bandwidth allocation and routing problem for multiple WVNs that operate on top of the physical substrate network. A preventive traffic disruption model is also presented for WVNs to minimize the amount of traffic that NSPs have to reduce when substrate link failures happen. In [6] , the authors propose a resource allocation scheme for an Orthogonal Frequency Division Multiplexing (OFDM)-based WVN. With the objective of obtaining the energy efficiency in the uplink transmission, a joint power, subcarrier, and antenna allocation scheme is proposed to determine the resource allocation in each slice considering the availability of perfect and imperfect channel state information. A downlink resource allocation in a multi-cell WVN is considered in [7] to support the users of different NSPs. In particular, a joint user association, subcarrier, and power allocation algorithm is proposed to maximize the network throughput, while satisfying the minimum required rate of each NSP. The authors of [8] propose a resource allocation scheme for the OFDM-based information-centric WVN. The objective is to maximize the defined payoff of the system considering not only the revenue earned by serving the users, but also the cost of the infrastructure. The authors of [9] , [10] , [11] utilized auction theory for resource allocation in WVN. In [12] , the authors utilize contract theory to investigate the interaction between NSPs and the MVNO and present a bandwidth provisioning scheme. In [13] , virtual resource management for energy optimization is formulated as a three-stage Stackelberg game, and the perfect equilibrium for each stage is analyzed. In [14] , the interaction between the MVNOs and users is formulated as a Stackelberg game. The MVNOs can provide data coverage by subleasing the resource from the InPs. The users can choose MVNOs by satisfying their imposed coverage, quality-of-service (QoS) and budget constraints. By apply matching game, the authors of [15] address the formulated service selection and resource purchasing problem in WVN. A Stackelberg game model for interactions between the InPs and MVNOs for resource allocation in downlink OFDM-based wireless virtualization is presented in [16] . The InP acts as a leader while the MVNOs play the roles of the followers. Accordingly, the Stackelberg equilibrium is derived.
It can be well observed that these resource allocation schemes mainly focus on the NSP side. That is, the works are proposed for the MVNO to decide how to slice or allocate resources to each NSP to serve the UEs. Meanwhile, the investigation of resource allocation problems between the MVNO and InPs lacks attention. Contract theory is viewed as an efficient tool for the mathematical modeling of such an interaction [17] . The research on contract theory in wireless communications has been mainly applied to the spectrum trading problems in cognitive radio (CR) [18] , [19] and an incentive mechanism to promote Device-to-Device (D2D) communications [20] . In CR networks, the primary users who own the spectrum design the contract and the secondary users who need the spectrum should accept the contract to access the spectrum [18] , [19] . In D2D communications, the network operator needs to provide incentives to the D2D transmission to release the traffic load of the cellular Base Station (BS) [20] . Meanwhile, contract theory has also been applied to modeling the service provisioning and resource allocation in cellular networks. In [21] and [22] , the authors present the contract theoretic approach for the design of traffic offloading and the caching scheme, respectively. The authors of [23] investigate the user association and spectrum allocation scheme for a heterogeneous network by proposing a contract theory-based scheme. To date, utilizing contract theory to present a thorough analysis of interaction of the InPs and MVNO is full of potential and can complement the current research on WVN, which has not been investigated thus far.
Organization
The remainder of this paper is organized as follows. Section 2 describes the system model and assumptions. We address the contract formulation and solution with complete information in Section 3 and the contract formulation and solution with information asymmetry in Section 4. The performance evaluation is presented in Section 5, and Section 6 concludes the work.
SYSTEM MODEL
Wireless Network Virtualization
WVNs have recently received increasing interest and considered one of the key enablers of the 5G network. In an WVN, physical wireless network infrastructure and radio resources, owned by different InPs, can be abstracted and sliced into virtual wireless network resources, and shared by multiple parties after a certain level of isolation [3] . After resource virtualization, the virtual resources can be offered to end-users via the MVNO or dedicated NSP. In Fig. 1 , a simple illustration of an WVN is presented. In this case, we consider the InPs provide physical resources, the MVNO coordinates the virtualized resources, and NSP utilizes the resource to offer service to the users. For service provisioning, the MVNOs in Fig. 1 ask the InPs about the radio resources. Then, the physical radio resources, including spectrum, and infrastructures from different InPs are handled by the physical network controller in the MVNO of which the rule is to lease and virtualize the physical networks into a virtual network based on the requests of NSPs or end-users. The end-users logically connect to the virtual network through which they subscribe to the service, while they physically connect to the cellular network.
In this work, we aim to investigate the relations between the MVNO and InPs for how to incentivize InPs to provide resources for the network and UEs. Therefore, we consider the MVNO can operate the network and connect with the UEs to provide required services. The work can also be extended to the three-level architecture, with the consideration that the NSP consists of a number of the UEs or a group of UEs with same service requirement.
System Assumption
We consider an WVN that includes an MVNO and multiple InPs. The MVNO has G subscribed UEs, the set of which is denoted as I ¼ f1; . . . ; Gg. Each UE i (i 2 I) has specific content request s i . In order to satisfy UEs' requests, the MVNO will offer a contract that can effectively motivate InPs to offer the specific services. There are totally J InPs, the set of which is denoted as J ¼ f1; . . . ; Jg. Each InP j (j 2 J ) owns a set of BSs 1 : N j ¼ f1; . . . ; N j g where n j represents BS n of InP j. There are a total of K ¼ P j2J N j BSs in the considered virtualized wireless network. For the user association, we define a binary variable as follows:
Other key notations are presented in Table 1 . As the MVNO dominates the trading process, we model the resource allocation of the WVN as a monopoly market, in which the MVNO acts as the employer, and the InPs act as the employees.
Channel Model
For the MVNO, it is necessary to investigate the characteristics of link between UE i and BS n j in order to offer suitable contract for the InPs and provide services to the UEs. r n ij ; i 2 I, j 2 J , n 2 N j is defined as the channel capacity between UE i and BS n j
(
where w n ij is the channel bandwidth offered by BS n j for UE i, p n ij is the transmit power needed by UE i for the specific requested service with data size s i with BS n j , s 2 is the noise variance of zero-mean additive white Gaussian noise (AWGN), jh n ij j 2 is the channel gain between UE i and BS n j . I ij and I ij 0 denote the interference come from the BSs inside and outside of InP j, respectively. Universal frequency reuse is considered such that an UE receives only interference from the BSs other than its serving BS. As discussed in [4] , because it is hard to coordinate the transmission among different InPs, we consider the InPs are operating on different licensed spectrum in the considered virtualized wireless network. Therefore, I ij 0 is assumed to be neglected, and I ij can be given as
where p n 0 j denotes the transmit power of BS n 0 of InP j which can cause interference to UE i. jh n 0 ij j 2 is the corresponding channel gain.
In this work, without loss of generality, we consider w n ij ¼ 1, which indicates that the spectrum bandwidth for an individual UE is fixed and not optimized. Without loss of generality, we assume s 2 ¼ 1 is also identical for all InPs. We assume the channel is a quasi-static Rayleigh fading channel. As the channel state information (CSI) is known to the BSs owned by the InPs, it is considered the private information of each InP and is not directly available globally or to the MVNOs. In addition, p n ij , which is the transmit power needed by UE i from BS n of InP j, is known to InP j but is not accessible to the rest of the network and the MVNO. Thus, the transmit power is also regarded as the private information of the InPs. This information can be measured locally but is not available on the global network. According to the difference in channel quality, we classify the BSs into different categories (types-u)
which captures all the private information of BS n j related to its transmission link with UE i. It can be found that a larger u n ij indicates a better channel condition. Moreover, the delay that UE i may experience can be expressed as
We denote Q i as service quality for UE i, which is inversely proportional to the service delay
where a is the reverse function parameter, and a > 0. We can clearly see that less service delay (lower D i value) leads to higher service quality (larger Q i value).
Type and Payoff Model of InPs
According to the definition in (4), u n ij information can be measured only locally by InP j. By classifying the InP type according to its BS, we can have the following definition of InP type. Definition 1. For specific UE i, there are a total of K ¼ P j2J N j BSs available for connecting, where k 2 K ¼ f1; . . . ; Kg. The channel quality between BS n j and UE i are sorted in an ascending order and classified into K types: type-1,. . ., type-k,. . ., type-K. u k i is denoted as the type of BS for specific UE i and follows
Specifically, we refer to InP j as a type-u k i InP, if for BS n j 2 N j , the channel between BS n j and UE i is
implies more willingness to contribute to the services. We define
as the set of sorted BSs for UE i. For each UE, multiple types of BSs per InP coexist. We can use Definition 1 to transfer the types of BSs with respect to the UEs to the types of InP. As there are multiple BSs within one InP, from the UE point-of-view, one InP can be considered to have different types. Then, it is reasonable for the MVNO to offer different contracts to one InP according to its service capabilities (type) for different UEs. For example, when InP 1 has two types of BSs u 1 i and u 2 i for UE i, InP 1 can be classified into type-u 1 i and type-u 2 i . The MVNO offers two contracts to InP 1 accordingly. According to this definition, we can use BS k instead of BS n j . Correspondingly, we can use p k i (p n ij ), r k i (r n ij ) , and x k i (x n ij ) instead. In this work, the objective of each InP is to maximize its payoff from making a contract with the MVNO and serving the UEs. The payoff of the InP consists of two parts. One is the achieved revenue from selling to MVNO and the cost for providing services to the UEs. First, we can define the cost for serving UE i. Such a cost consists of a fixed maintenance cost for BS operation e o and a quality-related cost Cðp k i Þ, i.e.,
where e o ! 0 is the fixed cost (e.g., the maintenance cost of the BS) and Cðp k i Þ is related to the power consumption, e.g., a linear function w.r.t. the power consumption.
Then, we define the utility/revenue of an InP by selling the resources to the MVNO to serve UE i as follows:
where g is the unit cost, and Rðp k i Þ is the payment of the MVNO in the contract with the InPs. We consider the payment is related to the resource (transmit power) usage of the InP. For the fairness consideration, as well as economic reasons (e.g., the MVNO may want to serve more UEs), for each UE, the dedicated transmit power may not be too large when the QoS can be guaranteed. Therefore, the function RðxÞ is not desired to be a linear increasing function. A logarithm function c log 2 ð1 þ xÞ; 8x ! 0 where c is a constant, is used here to characterize the payment of the MVNO, which is an increasing, strictly concave function. Note that (9) is an example for defining the utility and it can be defined in some other ways as well. The payoff of InP k, which is the difference between the selling price and the cost, can be modeled as
Given the payoff function in (10), the InP chooses the contract bundle that maximizes InP's own payoff.
Payoff Model of the MVNO
The payoff of the MVNO is defined as the difference between its utility obtained from its served UEs and the cost paid to the InPs. First, we define utility/revenue F i brought by serving UE i as a linear monotonically increasing function of service quality Q i . When the service quality requirement is increased, the UE needs to pay more to the MVNO. b is defined as the linear parameter for evaluating the relationship between revenue and service quality. So the utility of the MVNO obtained by serving UE i is defined as
where x is the set of x k i , and p is the set of p k i . Correspondingly, the cost of the MVNO can be considered the utility of the InPs. Therefore, from the MVNO's perspective, we define the payoff brought by serving UE i, denoted by $ i , as the difference between the revenue and cost, i.e.,
To simplify the analysis, we consider a ¼
We can further simplify (12) as
Instead of offering the same contract to all InPs, the MVNO provides different contract bundles to different InPs according to InP's type u k i . The InPs are free to accept or decline any type of contract based on their own evaluation.
Contract Formulation
After introducing the payoff of the MVNO and InPs in (10) and (12), we are ready to present the contract-based incentive mechanism for resource allocation in the considered virtualized networks. In general, contract theory studies how the economic decision-makers construct their contractual arrangements, in the presence of full or asymmetric (private) information [17] . In our case, the types of wireless links between the UEs and the BSs are considered private information that can be measured locally and not directly available on the global level. The MVNO may not know the type of each particular channel and needs to design a contract that will be suitable for all the InPs. Because the MVNO dominates the trading process, we model the resource allocation process as a monopoly market, in which the MVNO acts as the employer and the InPs act as the employees. The employer determines the contract, which specifies the relationship between the employees' performance and the rewards. The contract should identify the specific UE-BS/InP association, for each possible transmit power level. The MVNO assigns the contract items to maximize its payoff in (12) and pass these items to the InPs. Once the contract is specified, each InP selects the contract item that maximizes the InP's payoffs in (10) .
To obtain a successful service for specific UE i, the contract offered by the MVNO will be highly based on the quality Q i , which is related to p k i , type u k i 2 Q i , and x k i . Recalling (5) and (6), we can rewrite the service quality as Qðxðu uÞ; pðu uÞÞ ¼ X k2K
x k i r k i ; 8i 2 I:
As we can see from (10), (13) , and (14), the payoff and service quality of the system depend on two factors: x k i and p k i . Therefore, we write the contract designed for the type-u k i InP C ¼ fðxðu k i Þ; pðu k i ÞÞ; 8u k i 2 Q i ; 8i 2 Ig ¼ fðx k i ; p k i Þ; 8k 2 K; 8i 2 Ig:
An InP of type-u k i selects the contract item ðx k i ; p k i Þ by maximizing its own payoff, i.e.,
Eq. (16) shows that the contract items include the user association as well as the transmit power level. The proposed contract of the MVNO needs to ensure win-win trading between the MVNO and the InPs, and the InPs have the incentive to provide services to the UEs. Next, the goal is to propose an optimal contract design. A contract is considered as optimal if it yields the maximum payoff for the MVNO. Different information scenarios may result in different optimal contracts. Specifically, we will consider two information scenarios based on whether the channel information is globally available or not.
In a scenario with complete information, the types of all InPs are known to the MVNO, which is possible to be realized by the feedbacks of the UEs. In a scenario with asymmetric information, the types of InPs are not known to the MVNO. However, the number of types of InPs and the probability with which a certain InP may belong to a certain type are known.
CONTRACT WITH COMPLETE INFORMATION
Consider a complete information scenario, where the MVNO knows precisely the type of the InPs so as the BSs. In the complete information scenario, as the types of InPs are related to the SNR of the UEs that they are connected with, the MVNO can obtain precise information about the type of each InP by the feedback of the UEs. However, such an assumption may not be practical as additional communications cost occurs and requires high real time communications. We use the maximum MVNO's utility achieved in this case as a benchmark to evaluate the performance of the proposed contracts under incomplete information in the following section.
As the MVNO knows each InP's type, the MVNO can centrally monitor and make sure that each InP accepts only the contract item designed for its type. The MVNO needs to ensure that the InPs have non-negative payoffs in the contract designed for each type so that they are willing to accept the contract. In other words, the contract needs to satisfy the following defined Individual Rationality (IR) constraint when the contract is designed.
Definition 2 (Individual Rationality). The contract that an
InP selects guarantees that the corresponding payoff is nonnegative, i.e.,
For notation simplicity, in the following, we use p k i to denote pðx k i ; u k i ; p k i Þ and e k i to denote eðx k i ; p k i Þ. Further, we denote y k i ¼ yðx k i ; p k i Þ ¼ x k i Rðp k i Þ. We assume that N k i ! 1 is the number of type-u k i InPs, which should be known to the MVNO. Then, in the complete information scenario, an optimal contract maximizing the InPs' payoff is given as follows: C3 : p k i À e k i ! 0; 8k 2 K:
In (19) , C1 shows that one UE can be served by one InP. It can also ensure that one UE can be associated with at most one InP. C2 is the transmit power constraint, which means that the transmit power should be less than its maximum power p k max . C3 represents the IR constraints. As can be found, due to the defined user association indicator, the problem P1 is a NP-hard non-convex mixed integer non-linear programming (MINLP) optimization problem, of which the optimal solution is computationally expensive. For the immediate NP-hardness proof of P1, given that the association indicator x k i can be either 0 or 1, any feasible solution to P1 is a subset of vertices. Therefore, the solution to P1 describes a vertex cover, for which finding a maximum is NP hard. Interestingly, the formulated problem P1 can be viewed as a transformed energy efficient user association and power allocation problem in a multiuser network. In related works, e.g., [18] and [21] , recursive methods are applied to obtain the optimal solutions, while some works consider using optimization theoretic schemes to solve the problem, e.g., in [20] and [22] . In addition to the heuristic algorithms that can search for the optimal solution, to address such an MINLP problem, we first relax the binary variable x k i to be a real positive value between 0 and 1, i.e., x k i 2 ½0; 1. The relaxed x k i can be interpreted as the resource sharing factor represents the ratio of time when UE i associates to the BS/InP k. Then, the corresponding problem can be transformed a convex optimization problem and addressed accordingly. The solution procedure can be found in e.g., [25] , [26] , [28] and others. In short, the convexity of P1 can be proved, and Karush-Kuhn-Tucker (KKT) conditions can be applied to find the optimal solution of x k i and p k i . Note that the optimal x k i obtained by the proposed relaxation is actually the upper bound of the optimization problem P1, and we have to take the integer value due to the practical consideration that one UE can associate with one BS at a time [28] . After obtaining the contract item fx; pg, the MVNO assigns the contract and passes these items to the InPs. Once the contract is specified, each InP selects the contract item according to (16) , i.e., the one that maximizes its payoff.
CONTRACT WITH ASYMMETRIC INFORMATION
In the case of asymmetric information, the types of InPs are not known to the MVNO. However, the number of InPs and the probability with which a certain InP may belong to a certain type are known [24] , which is a very practical case when the MVNO is able to collect long-term feedback from the UEs. Therefore, we assume the MVNO has knowledge of the probability distribution that a certain BS/InP is type-u k i . As discussed, we want to design a contract such that type-u k i InP would prefer the contract over all the others. The
InP of type-u k i will select the contract item ðx k i ; p k i Þ by maximizing its own utility. Thus, the contract is known to be as a self-revealing contract if and only if (iff) the following constraint is satisfied.
Definition 3 (Incentive Compatible (IC)
). InPs must prefer the contract designed specifically for their own types than the others, i.e.,
In a scenario with asymmetric information, the optimal contract should satisfy not only the IR conditions but also the IC constraint. That is, the InP should have enough incentive to select the contract designed for InP's types. Then, the optimal contract in a scenario with asymmetric information is formulated as
s:t: f C1 :
In (22), f C1 is the association constraint that one UE can be associated with at most one InP. f C2 is the constraint of the transmit power. f C3 and f C4 represent the IR and IC constraints, respectively. The IR constraint can ensure the InP has a non-negative payoff by choosing the contract designed for it, and IC constraint can make sure that for type-u k i InP, it can get the maximum payoff by selecting the contract designed for it. First, we provide the feasibility analysis of the contract.
Feasibility of the Contract
Next, we derive the conditions to ensure a feasible contract that satisfies the IR and IC constraints in the case with asymmetric information.
We prove this Lemma by using the IC constraint in (20) and by contradiction. From the IC constraint, we can see
u m i y m i À e m i > u m i y k i À e k i :
Then, we suppose there exists a contract with u k i > u m i and y k i < y m i . Accordingly, we have
and thus
However, combining (23) and (24), we have
which is contradicted with (26) . Therefore, if u k i > u m i , y k i > y m i , which proves Lemma 1. t u
From Lemma 1, we know that if u k i > u m i holds, then y k i > y m i must hold. Thus, an InP of a higher type should receive more reward than an InP of lower type. If two InPs receive the same utility, they must belong to the same type and vice versa. Given Definition 1, we can have
Correspondingly, we have the following definition.
Definition 4 (Monotonicity). For any feasible contract C, the utility of the InP follows:
Such a definition implies that the InPs of a higher type have a higher willingness to offer services and participate in the contract. With the property in monotonicity, we also have the following proposition. Proposition 1. With a strictly increasing utility, the cost satisfies the following condition:
Proposition 1 shows that an incentive-compatible contract requires a higher contribution of an InP if it receives a high utility and vice versa. 
Proof. From the definition of Monotonicity and Proposition 1,
we can see that InPs that ask for more utility must be able to provide larger transmit power (correspondingly throughput in (2)). If u k i > u m i , we have
Thus, we can have
As we can see, the InPs of higher types receive a better payoff than the ones of lower types. From the IC constraint and the two lemmas above, we can easily deduce the following. If an InP of a high type selects the contract designed for the InP of a low type, even though a smaller transmit power and throughput are required, the less utility received will deteriorate its payoff. Moreover, if an InP of a low type selects a contract designed for an InP of a high type, the gain in terms of utility cannot compensate the cost in terms of transmit power consumption. The InPs can receive the maximum payoff iff they select the contract that designed according to their types. Thus, the self-reveal property of a contract can be ensured. Moreover, we can have the following properties.
Lemma 3. For any contract C, only one contract item of the highest type u K i can have positive user association, and all other items should have zero association, i.e.,
Proof. From f C1, we can see that for any UE i, there can be only one contract that x k i ¼ 1 and the others should equal to zero. Then, we prove that only the item of the highest type can have a positive value by contradiction. Suppose there exists a contract with item x m i > 0 and 1 < m < K. Then, because of the constraints of f C1, all the other contract items x k i ¼ 0; 8k 6 ¼ m, which means, v K i v m i and m < K. Such an observation contradicts Lemma 1 and monotonicity. t u Lemma 3 indicates that for a feasible contract the UE will be associated with the InP of the highest type. Based on the properties described above, we could arrive to the sufficient and necessary conditions in Theorem 1 for feasibility. Theorem 1. For any feasible contract C, it is feasible iff the following conditions are satisfied
(33)
Optimal Contract Design
In this case, the MVNO does not know the exact type of each InP, but knows the number of InPs and the probability with which a certain InP may belong to a certain type. Such a probability can be denoted as r k i ¼ Prfu k i ¼ u n ij g; 8n 2 N j ; 8j 2 J . Obviously, P k2K r k i ¼ 1; 8i 2 I. Before addressing the formulated problem, we first present the following propositions.
Proposition 2. If the IR constraint of type-u 1
i InP is satisfied, the other IR constraints will automatically hold.
Proof. From Definition 1, we have u 1 With the previous analysis, we can have following proposition to release the IC constraints.
Proposition 5. If the payoff of the MVNO is maximized, i.e., the optimal contract design is obtained, then the LDICs must satisfy the following condition, i.e., Þ are raised by the same positive amount. To maximize its payoff, the MVNO will try to raise the use of radio resources for as much as possible until the following equation holds, i.e., pðx k i ; u k i ; p k i Þ À eðx k i ; p k i Þ ¼ pðx kÀ1 i ; u k i ; p kÀ1 i Þ À eðx kÀ1 i ; p kÀ1 i Þ. Note that this process will not impact the other LDICs. Therefore, if the contract is at the optimum, the condition will hold. t u
In fact, combining the LDICs in Proposition 4 and the monotonicity condition, we can conclude that all the LUICs will hold. That is, pðx k i ; u k i ; p k i Þ À eðx k i ; p k i Þ ¼ pðx kÀ1
Þ. Therefore, the IC constraint can be replaced by the LDICs and the monotonicity condition. Consequently, to find a feasible and optimal solution, P2 can be reformed as
Similar to P1, P3 is also an NP-hard MINLP optimization problem. To solve this problem, we can formulate and solve the relaxed problem without the monotonicity condition. Then, we can follow the procedure for solving P1. We first relax the binary variable x k i to be a real positive value between 0 and 1, i.e., x k i 2 ½0; 1. Then, the corresponding problem can be transformed into a convex optimization problem and addressed accordingly, i.e., KKT conditions can be applied to find the optimal solutions for x k i and p k i . Then we check whether the solution to this relaxed problem guarantees the monotonicity condition or not. The optimal contract resulting from this optimization problem will yield zero payoff for the lowest type of InPs. If K ¼ 2, there are only two types of InPs, the high type and the low type. By solving this optimization problem, the low type InPs will obtain a zero payoff contract, and only the high type UEs can receive a positive utility. In the general cases when K > 2, all types of InPs will get a zero payoff except the highest type that will get a positive payoff, where a similar conclusion is also provided in [18] and [20] .
Algorithm Implementation
By solving the proposed problems, we can provide the InPs with the optimal contracts that can stimulate and encourage the InPs to provide the resource. To implement the proposed approach in a practical WVN, the following steps can be considered. Once there are some UEs that have service requirements, the MVNO will offer the contracts to the InPs. After signing the contracts, the signed InPs will set up the connections with the UEs and start the transmission. The MVNO will stand by and wait for the feedback of the services. If the service or transmission is successful, the MVNO will pay the involved InP based on the signed contract. Otherwise, if the connection fails, the MVNO may need to find other InPs to serve the UEs, and the InPs with failure links will not receive payment. The proposed user association and resource allocation algorithm is summarized in Algorithm 1, which presents the practical implementation.
Note that in some cases, the optimal x k i obtained by the proposed relaxation is actually the upper bound of the optimization problem P1 and P3, and we have to take the integer value due to practical consideration that one UE can associate with one BS at a time. In this work, we follow the algorithms in [26] and [27] during the optimization process to select the BS that can offer the best link quality for the UE, which is typical in the investigation of the resource allocation scheme. In addition, the iterative procedure can also be applied to obtain the binary variables [28] . The process can start by assuming there is no association between the BS/InP and UE. In each iteration, x k i and power allocation are addressed with a set of UE-BS associations that are not connected. The UE-BS connection with the largest value of x k i will be made. Connections are established and InPs start to serve the UEs. 12: The MVNO stand by and wait for the response. 13: if Service failed then 14:
The MVNO needs to find new contract to serve the UEs. 15: else 16:
The MVNO will pay the InP according to the designed contracts. 17: end if 18: end while 19: Output: the optimal resource allocation policy fx; pg.
PERFORMANCE EVALUATION
In this section, the performance of the proposed scheme is evaluated and illustrated. For simplicity, we assume there are three InPs and they operate in a 100 Â 100 m 2 area. There are 20 UEs in this area requesting the mobile service from the MVNO. It is considered that the UEs are randomly located. The maximum transmit power of the BS of the InP is 46 dBm unless specified. To illustrate the effectiveness of the proposed scheme, we prefer to use simple and wellknown functions to model the cost and revenues. We define the quality-related cost Cðp k i Þ in (8) as a linear cost related to the power consumption, i.e., Cðp k i Þ ¼ tp k i , where t is the cost parameter. Therefore, Cðp k i Þ increments linearly with the cost of power consumption, and without being specified, we consider t ¼ 1.
In Fig. 2 , with the consideration of complete information, i.e., the MVNO has the full knowledge of the types of InPs, we present the MVNO's utility with respect to the number of UEs and InP types. First, we can observe that as the number of types of InPs increases, the overall utility also gets larger. This is mainly due to the fact that the increase of the number of types of InPs essentially mean there are more and better options to provide better services to the UEs. Therefore, the utility, which is related to the data rate of the UEs, increases as well. However, when there are only 10 UEs in the system, the increment of the utility becomes slow when the number of types of InPs is above 10. This may due to the fact that in this area, there are enough number of types of InPs for the UEs. Simply increasing the types of InPs will not improve the service quality, as the BSs of the InPs may be close enough to the UEs. When there are 20 UEs, the utility can be improved as the number of types of InPs without any saturation. However, the speed of increment becomes slow. For the cases with 30 and 40 UEs, the utility always increases when there are more types of InPs, which means there is still room for the service provisioning of the MVNO.
In Fig. 3 , we have compared the utility performance of the contract with complete information and the one with asymmetric information. We also show a linear pricing mechanism here [20] . The linear pricing contract is under the information asymmetry. In this mechanism, the price offered by the MVNO is linear to the transmit power. It can be found in this figure that the MVNO achieves the highest utility when the types of the InPs are known. For the case with asymmetric information, the exact value of the type of the InP is unavailable to the BS. Thus, the MVNO can only achieve a near optimal utility at best only under information asymmetry, which is upper bounded by the complete information case. Meanwhile, the proposed solution for the contract with information asymmetry yields a better utility that the linear pricing case. As in the linear pricing case, the choices of the InPs are not restricted, and less information is retrieved. Therefore, it prevents the MVNO from obtaining more utility.
Then we evaluate the impact of the cost model on the system performance. There are 20 UEs and 10 types of InPs. Fig. 4 presents the MVNO's payoff and optimal contract with various t. We show the performance of the cases with complete information and linear pricing. Similar to the observation in Fig. 3 , for the case with complete information we observe that InPs' payoff is larger than that in the case with linear pricing. When t is small, the transmit power has less impact on the cost, and the InPs may prefer to offer a higher transmit power to get more utility in the optimal contract design. Therefore, the gap is not as big. When t increases, this impact becomes larger, and InPs' transmit power may become smaller, which reflects on the service quality at the UE. In the proposed scheme, as the transmit power is the optimization variable, the overall changes on the utility of the InP (cost of the MVNO) will not be significant. However, for the case of linear pricing, the effect is more serious, and thus, the gap becomes larger. In Fig. 5 , the payoff of the InP is presented. The result proves the monotonicity of the contract that the higher the type of InP, the larger the payoff it can receive under information asymmetry. All types of InPs enjoy a positive payoff. However, under complete information, the payoff remains 0 for all types of InPs, which is because when the MVNO is aware of the InP's type, it will adjust the contract to maximize its own payoff while leaving InPs with 0 payoff. Overall, it can be found that linear pricing brings the highest payoff, when the number of types of InPs is low. When the number is high, some of the higher type InPs may obtain higher payoffs from the optimal contract under information asymmetry than linear pricing.
In Fig. 6 , we demonstrate the effect of t on the power allocation at the algorithm level. On the x-axis of Fig. 6 , we vary the maximum transmit power of the BS, e.g., p k max , and plot the corresponding average power consumption over all the BSs. As we can see, when p k max is small, the transmit power may not be able to provide the optimal value of P3. Therefore, the maximum transmit power is used. This phenomenon can be observed for all the values of t. As the maximum transmit power grows, optimal power allocation can be provided by the proposed scheme. It can be seen that a higher value of t induces a lower optimal transmit power. However, when the value of t is low, e.g., t ¼ 0:2, the transmit power is the highest, which also evidences the observation in Fig. 4 .
CONCLUSIONS AND FUTURE RESEARCH
In this paper, a novel incentive mechanism is proposed to study how to manage the radio resources in the wireless virtualized networks. We consider that the InPs own the physical networks. The MVNO has the information of the users and need to lease the physical radio resources to provide services to users. In particular, we utilize the contract theoretic approach to model the resource trading and allocation process between an MVNO and multiple InPs. Two scenarios are considered according to whether the types of the InPs are globally known. Subsequently, the corresponding optimal contracts are derived to maximize the payoff of the MVNO while maintaining the requirements by the UEs in the trading process. To evaluate the proposed scheme, extensive simulation studies are conducted. It can be observed that the proposed contract theoretic approach can effectively stimulate InPs' participation, allocate the radio resources, and outperform other schemes.
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